Allen MD, Kimpinski K, Doherty TJ, Rice CL. Decreased muscle endurance associated with diabetic neuropathy may be attributed partially to neuromuscular transmission failure. Diabetic polyneuropathy (DPN) can cause muscle atrophy, weakness, contractile slowing, and neuromuscular transmission instability. Our objective was to assess the response of the impaired neuromuscular system of DPN in humans when stressed with a sustained maximal voluntary contraction (MVC). Baseline MVC and evoked dorsiflexor contractile properties were assessed in DPN patients (n ϭ 10) and controls (n ϭ 10). Surface electromyography was used to record tibialis anterior evoked maximal compound muscle action potentials (CMAPs) and neuromuscular activity during MVCs. Participants performed a sustained isometric dorsiflexion MVC for which task termination was determined by the inability to sustain Ն60% MVC torque. The fatigue protocol was immediately followed by a maximal twitch, with additional maximal twitches and MVCs assessed at 30 s and 2 min postfatigue. DPN patients fatigued ϳ21% more quickly than controls (P Ͻ 0.05) and featured less relative electromyographic activity during the first one-third of the fatigue protocol compared with controls (P Ͻ 0.05). Immediately following fatigue, maximal twitch torque was reduced similarly (ϳ20%) in both groups, and concurrently CMAPs were reduced (ϳ12%) in DPN patients, whereas they were unaffected in controls (P Ͼ 0.05). Twitch torque and CMAP amplitude recovered to baseline 30 s postfatigue. Additionally, at 30 s postfatigue, both groups had similar (ϳ10%) reductions in MVC torque relative to baseline, and MVC strength recovered by 2 min postfatigue. We conclude DPN patients possess less endurance than controls, and neuromuscular transmission failure may contribute to this greater fatigability. diabetes; fatigue; electromyography; compound muscle action potential; weakness DIABETIC POLYNEUROPATHY (DPN), a common complication of diabetes mellitus (DM), can be associated with dysfunction of the neuromuscular system. Some DPN-related neuromuscular changes include the following: muscle atrophy (7), weakness (9), muscle contractile slowing (3), reduced motor unit firing rates (2, 6, 55), and motor unit loss (1, 2, 23) . However, at present, little is known regarding how these alterations may affect the performance of the neuromuscular system when its
capacity is stressed during a fatiguing task and subsequent recovery. Challenging the compromised system will permit the identification and functional relevance of key underlying factors contributing to DPN.
Neuromuscular fatigue can be defined as the loss of voluntary force-producing capacity during physical activity. In the context of this investigation, this is differentiated from "experienced fatigue," which refers to a general sense of tiredness, lack of energy, or chronic exhaustion often reported clinically (21, 30) . Neuromuscular fatigue is well known to be task dependent and can be affected by a wide array of factors, including age (5) , physical training status (43) , and neurological disease (15) .
One previous study that explored muscle fatigue in insulindependent (type 1) DM, concluded that DM patients have greater relative muscle endurance than controls during repeated, maximal isokinetic contractions of the ankle plantar and dorsiflexors (8) . However, in that report, the majority of DM patients either did not have symptoms of DPN or had a neuropathy with minimal motor involvement (8) . Additionally, no measure of voluntary activation (VA) was made; therefore, it is not known whether participants were producing maximal efforts during their isokinetic contractions (8) . It has been shown previously that individuals with metabolic disease without neuropathy (e.g., type 1 DM; Ref. 6 ), vascular disease (e.g., chronic heart failure; Ref. 13 ), or nerve disease (e.g., amyotrophic lateral sclerosis; Ref. 50 ) fatigue more quickly than controls.
Greater fatigability in various other clinical populations compared with controls has been attributed to a range of factors, including the following: insufficient blood flow (13) , impaired neuromuscular transmission (61) , and central activation failure (49) . Indeed, even during minimally fatiguing contractions [20% maximal voluntary contraction (MVC) for 30 s], neuromuscular conduction failure has been reported in DPN patients (4) . In contrast, healthy adult aging has been associated with greater resistance to fatigue in certain isometric tasks (5, 16) , but not all isometric tasks and muscle groups (26) . It is not entirely clear whether slowed contractile and metabolic functions often reported with aging necessarily provide greater endurance (29) , although slowed contractile properties also have been reported in DPN patients (3) . However, because DPN can involve concurrent pathophysiological changes to metabolism, vasculature, and nerve and muscle, the impact of altered contractile properties may be mitigated.
Therefore, DPN provides an interesting model to study various factors contributing to fatigue, as well as to improved understanding about the functional impact of DPN.
Investigating the recovery of neuromuscular properties following fatigue also can provide insight into underlying physiological processes, although it is typically less well studied than fatigue per se. Metabolic disturbances (48) , blood flow impairments (18) , and dysfunction in myocellular processes related to clearing metabolites and restoring homeostasis (28, 31) could conceivably impair or delay recovery in DPN patients.
The present study used a sustained, isometric dorsiflexion MVC to induce fatigue to a predetermined task termination point (i.e., 60% MVC). Dorsiflexion was selected because the dorsiflexors [i.e., tibialis anterior (TA)] are known to be affected in DPN (1, 2, 3), and participants are readily able to maximally activate the dorsiflexors, with minimal familiarization or training (11) . A sustained, isometric MVC was selected to provide a relatively simple model that would substantially stress the neuromuscular system (30, 39) . Finally, a predetermined task termination point (60% MVC) was utilized to ensure all participants fatigued to the same degree relative to their maximal strength, thus providing an opportunity to assess recovery (39) .
Thus the main objective of this study was to investigate neuromuscular fatigue in patients with DPN compared with age-matched controls using a sustained, dorsiflexion MVC. We also aimed to determine whether impairments in neuromuscular transmission or VA were associated with fatigability in the DPN group. An additional objective was to assess the shortterm (i.e., 2 min) neuromuscular recovery of DPN patients compared with controls. We hypothesized that both groups would be able to achieve near maximal VA (ϳ95%) while fatiguing to 60% of MVC torque, but, due to DPN-related neuromuscular dysfunctions and compromised blood flow, that individuals with DPN would fatigue more quickly and recover more slowly than controls.
METHODS

Participants.
Ten patients (6 men) with DPN (aged 64 Ϯ 11 yr) and 10 age-and sex-matched controls (aged 62 Ϯ 12 yr) were recruited for participation in this study. All participants provided informed, written consent before participation. The study was approved by the local university's Research Ethics Board and conformed to the Declaration of Helsinki. The patients with DPN met accepted clinical criteria for diagnosis of type 2 (insulin independent) DM and DPN (17) . The presence of DPN was confirmed via clinical and electrophysiological examination performed by a trained neurologist, who also confirmed the absence of other causes of nerve injury or neuropathy. DPN patients were not taking any medications for neuropathic pain, which could have had an effect on VA. Data outlining some of the neuromuscular impacts of DPN (e.g., loss of motor units, muscle slowing, and neuromuscular transmission instability) in these patients have been previously reported elsewhere (2) (3) (4) . Patients with metabolic, neurological, or vascular conditions unrelated to DM or DPN were excluded from participation. Data regarding glycemic control were obtained through clinical chart review. Control participants were living independently in the community, free from medications, and were screened by physicians (neurologists) to ensure they met inclusion criteria. Participants in both groups were not engaged in systematic physical exercise regimens.
Evoked contractile properties and maximal strength of dorsiflexors.
The experimental setup has been described in detail in a previous report (3) . Participants were seated in a custom isometric dorsiflexion dynamometer to assess voluntary and electrically evoked properties of the dorsiflexor muscles (35) . In all participants, the right leg was tested. The ankle was positioned and maintained at 30°of plantar flexion; both knee and hip angles were positioned at 90°. Hip joint movement was minimized by securing a padded, adjustable brace over the distal aspect of the right thigh. Inelastic straps were wrapped over the dorsum of the foot to secure it to the dynamometer (38) . The great toe was left uncovered by the straps to minimize torque contributions from extensor hallucis longus.
Maximal evoked single-twitch and compound muscle action potential (CMAP) responses from the dorsiflexors (TA muscle) were obtained using supramaximal electrical stimulation of the fibular nerve just distal to the fibular head. Percutaneous nerve stimulation was performed using a bar electrode, which transmitted the single, 100-s square-wave pulses triggered from a constant-voltage electrical stimulator (Digitimer stimulator, model DS7AH; Digitimer, Welwyn Garden City, UK). Twitches were analyzed off-line for the following: peak twitch tension (N·m), time to peak tension (ms), and half-relaxation time (HRT; ms). From these data, twitch contraction duration (ms; time to peak tension ϩ HRT) and twitch peak rate of torque development (RTD; peak twitch tension/time to peak twitch tension) were calculated. Accompanying CMAPs were analyzed for maximal negative peak voltage (mV), negative peak duration (ms), and negative peak area (Vms).
At least three dorsiflexion MVCs, and no more than five, were performed by each participant, and each MVC attempt was separated by a minimum of 3 min to minimize the development of any fatigue before the actual fatigue test. Participants were verbally instructed to perform their MVC as hard and as fast as possible to ensure maximal torque and RTD were produced. MVCs were held for ϳ3-4 s during each attempt, during which strong verbal encouragement was given. Real-time visual feedback of the torque signal was provided to the participant on a computer monitor throughout the experimental protocol. The interpolated twitch technique (ITT) was used to assess VA during the second and third MVC attempts to ensure adequate muscle activation was achieved (52) . The ITT involves supramaximal electrical stimulation of the fibular nerve before, during, and immediately after a voluntary MVC. The amplitude of the interpolated torque electrically evoked during the plateau of the MVC was compared with the twitch elicited immediately following the MVC. %VA was calculated as follows: [1 Ϫ (interpolated twitch/resting twitch)] ϫ 100. The peak voluntary torque measured during the three MVC attempts was recorded as the maximal torque for that participant. All torque signals were collected and sampled online at 500 Hz using Spike2 software (version 7.11; Cambridge Electronic Design, Cambridge, UK). Torque was later analyzed off-line to determine voluntary isometric torques (strength) and maximal voluntary RTD (N·m·s Ϫ1 ). Maximal RTD was obtained by transforming the torque signal into its first derivative and recording the peak value for a given contraction.
Throughout the experimental protocol, surface electromyography (EMG) was recorded from the TA and soleus (SOL) muscles using self-adhering Ag-AgCl electrodes (1 ϫ 3 cm; GE Healthcare, Helsinki, Finland). For the TA, the active electrode was placed over the motor point, ϳ7 cm distal to the tibial tuberosity and 2 cm lateral to the anterior border of the TA; the reference electrode was placed distally over the tendon of the TA. For the SOL, the active electrode was placed 2 cm below the gastrocnemii border, along the longitudinal axis over the SOL; the reference electrode was placed distally over the tendocalcaneus. Minor adjustments to active electrode placement over the TA were made until the optimal CMAPs (greatest amplitude and fastest rate of rise) were obtained from percutaneous, supramaximal nerve stimulation. Ground electrodes were placed over the patella. Maximal SOL CMAPs were obtained by percutaneous electrical stimulation of the tibial nerve between the origins of the heads of the gastrocnemii muscles. Voluntary root mean square (RMS) EMG for MVC contractions was calculated using a 0.5-s window, which was centered about the peak voluntary dorsiflexion torque. Surface EMG signals were preamplified (ϫ100), amplified (ϫ2), band-pass filtered (10 Hz to 1 kHz), converted by a 12-bit analog-to-digital converter (Power 1401, Cambridge Electronic Design, Cambridge, UK), and sampled online at 2,000 Hz.
Fatigue protocol. Following the assessment of maximal dorsiflexion strength, participants rested for 10 min to ensure any fatigue or postactivation potentiation had dissipated. The fatigue protocol in the present study involved a single, sustained, isometric dorsiflexion MVC. The MVC was maintained until the participants could no longer sustain 60% of their prefatigue MVC torque. For the fatigue protocol, participants were instructed to contract as hard and as fast as possible, and as long as possible. Additionally participants were instructed to minimize any extraneous movements or contractions aside from dorsiflexion; also they were asked to continue breathing throughout the fatigue protocol. During the fatigue task, participants were provided with continuous and strong verbal encouragement. Throughout the protocol, visual feedback of their torque was provided on a computer monitor. In addition to torque output, the computer monitor displayed horizontal lines demarcating 100% of MVC and 60% MVC. Task termination occurred when the torque dropped and remained below the 60% MVC level despite further verbal encouragement. Participants were not informed that the line on the computer monitor demarcating 60% of MVC torque represented their task termination point. Before instructing the participant to cease the fatiguing MVC, an interpolated twitch was applied to assess %VA at task termination.
Similar to baseline measures, fatigue protocol torque and EMG data were analyzed offline. Time to task termination was determined as the time from which the participant reached their maximal torque until they could no longer produce torque greater than 60% of their baseline MVC. Torque and TA EMG data from the fatigue protocol were subsequently binned into increments of 10% of their time to task termination (i.e., a fatigue protocol lasting 60 s would consist of 10 ϫ 6 s bins). Average torque and TA RMS EMG data for these 10% bins were calculated for each participant. Binned torque and RMS EMG data were subsequently normalized to MVC torque and maximum RMS EMG data, respectively. This served to provide profiles of torque output and neural activation of the TA over the course of the fatigue protocol. Antagonist (SOL) coactivation was quantified during the dorsiflexion MVC fatigue protocol in similar manner to TA activation, but was normalized to SOL RMS EMG during baseline MVCs. The area under the curve of the torque tracing was measured to assess the angular impulse (N·m·s Ϫ1 ) for each participant. This served as an analog for the parameter of work, which is often calculated for dynamic muscle contractions. %VA at the cessation of the fatigue protocol was calculated similarly to baseline MVCs, described above.
Assessment of recovery. Immediately (ϳ1 s) following cessation of the fatigue protocol, a supramaximal electrical stimulus was applied to the fibular nerve to assess the degree of fatigue induced by the fatigue protocol. Subsequently, participants performed MVCs with ITT at 30 s and 2 min post-fatigue protocol. Before these MVCs, additional maximal dorsiflexion twitches were elicited to provide an assessment of recovery of the twitch and CMAP properties (CMAP negative peak amplitude, duration, and area) following fatigue. MVCs were assessed for %VA using the ITT technique. Recovery MVC torques and TA EMG data were analyzed similarly to baseline MVCs. Raw torque and EMG tracings outlining the fatigue and recovery protocol are depicted in Fig. 1 .
Statistical analysis. Mean values Ϯ SDs are presented in the text, Tables 1-3, and Figs. 2-4, except where noted. The level of significance was set at P Յ 0.05 for all statistical tests. All baseline data and time to task termination of the fatigue protocol were analyzed using a one-way ANOVA (group). Binned torque and EMG values for fatigue data, as well as recovery data, were analyzed using separate mixed design (split-plot) ANOVAs. For these mixed-design ANOVAs, the between-subjects factor was group (control or DPN patient), with repeated measures over time. Separate repeated-measures ANOVAs were used to analyze fatigue and recovery data. Additionally, fatigue and recovery data were analyzed both as absolute values, as well as relative to baseline. Mauchly's sphericity test and Levene's test were used to ensure that there were no violations of sphericity or homogeneity of variance assumptions, respectively. Main and interaction effects were determined by Pillai's trace (P Յ 0.05). Following each ANOVA in which a significant main effect or interaction was found, post hoc analysis was performed using the modified Bonferroni correction method. Relationships among variables of interest were tested using Pearson's product moment correlation. Data analyses were performed using IBM SPSS Statistics software (version 20.0; IBM SPSS, Arnock, NY).
RESULTS
Participant characteristics and baseline measures.
Participant characteristics are presented in Table 1 . No differences between groups were found for mean age (ϳ65 yr; P ϭ 0.26), height (ϳ1.7 m; P ϭ 0.34), or weight (ϳ72 kg; P ϭ 0.23). Baseline neuromuscular measures are presented in Table 2 . DPN patients were found to have 40% weaker (P ϭ 0.005) MVCs with 47% slower maximal RTD (P ϭ 0.0008). Strength differences were not due to differences in VA% (P ϭ 0.02). Compared with controls, the DPN group twitches were ϳ36% smaller (P ϭ 0.03), and ϳ38% slower (i.e., lower twitch RTD) (P ϭ 0.01) with ϳ30% smaller CMAP negative peak amplitudes and areas (P ϭ 0.003). CMAP negative peak durations were not different between groups (P ϭ 0.22). No differences were detected for antagonist muscle coactivation during MVCs between controls (14.5 Ϯ 5.7%) and DPN patients (18.3 Ϯ 8.3%; P ϭ 0.22).
Fatigue. Fatigue profiles of torque over time are presented as absolute values in Fig. 2 . The mean time to task termination of the fatigue protocol was ϳ21% shorter in DPN patients (56.4 Ϯ 14.2 s) compared with controls (71.1 Ϯ 11.7 s; P ϭ 0.001). Additionally, DPN group angular impulse was ϳ50% less than in controls (1,637.4 Ϯ 639.7 vs 852.4 Ϯ 410.5 N·m·s Ϫ1 ; P ϭ 0.001). There was a main effect for time (P Ͻ 0.001) and an interaction effect for group and time (P ϭ 0.01) for the changes in relative torque calculated from the binned time intervals. Both groups featured decreases in torque output relative to their baseline MVCs over the course of the fatigue protocol (P Ͻ 0.05). Pairwise comparisons between groups over binned time intervals showed the DPN group had lesser decreases in relative torque output from 50 -90% of the time to task termination compared with controls (P Ͻ 0.05). Just before (1-2 s) task termination, %VA was 97.3 Ϯ 2.9 and 95.8 Ϯ 3.6% in the controls and DPN patients, respectively, with no differences between groups (P ϭ 0.28). No significant relationships were found between glycemic control (i.e., %HbA1c) or severity of neuropathy (i.e., TA CMAP amplitude) and time to fatigue.
Over the course of the fatigue protocol, normalized TA RMS EMG values are expressed over 10% binned time intervals in Fig. 3 . For these variables, a main effect of time (P Ͻ 0.001) and an interaction effect between time and group (P Ͻ 0.001) were detected. From 0 -30% of the time to task termination, the DPN group featured less relative EMG activity from the TA compared with controls. For the remainder of the fatigue protocol, no differences were detected in relative TA RMS EMG between groups (P Ͼ 0.05). There were no group differences (P ϭ 0.19) in %antagonist SOL coactivation during the fatigue protocol, however, there was an effect of time (P ϭ 0.01) with both groups featuring decreased %antagonist coactivation over the fatigue protocol (results not shown).
Recovery. Relative data pertaining to neuromuscular recovery following the fatiguing protocol are presented in Table 3 . For all voluntary and evoked torque data, main effects for time were detected during recovery, whereas no interaction effects between group and time were found. At 30 s postfatigue, both Values are means Ϯ SD; n, no. of subjects. DPN, diabetic polyneuropathy; SNAP, sensory nerve action potential; CV, conduction velocity. *SNAP responses were absent in 9 out of 10 DPN patients. DPN patients and control groups featured significantly weaker (ϳ10%) MVCs (P ϭ 0.001; Table 3 ), but these relative changes were not different between groups. At 2 min postfatigue, the MVC for both groups had recovered to baseline levels (P ϭ 0.35). Similarly, MVC RTD was significantly reduced (ϳ20%) in both groups 30 s following fatigue (P ϭ 0.001; Table 3 ); however, both groups were not significantly different from their respective baselines at 2 min postfatigue (P ϭ 0.15 The twitch evoked immediately following task termination was 15-20% weaker in both groups relative to their respective baseline twitches (P Ͻ 0.001; Table 3 ); however, the relative changes were not different between groups (P ϭ 0.30; Fig. 4A ). Peak twitch torque recovered to baseline levels in both groups at 30 s postfatigue (P ϭ 0.08). Twitch HRT was prolonged ϳ20% compared with baseline in both groups immediately following the fatigue protocol (P ϭ 0.001; Table 3 ), and at 30 s postfatigue twitch HRT recovered in both groups (P ϭ 0.21).
Relative to baseline, CMAP negative peak amplitude was significantly reduced by ϳ12% in DPN patients immediately following the fatigue protocol (P ϭ 0.003; Fig. 4B ), whereas for controls there was no change (P ϭ 0.18; Fig. 4B ). In both groups, CMAP durations and areas were not affected by the fatigue protocol (Table 3) , although the DPN patients had a nonsignificant 7% reduction in CMAP area immediately following the fatigue protocol (P ϭ 0.12). Additionally, by 30 s postfatigue, the DPN group CMAP negative peak amplitudes had recovered to baseline (P ϭ 0.27).
DISCUSSION
The main findings of this study were are follows: 1) during a sustained isometric dorsiflexion MVC, those with DPN had less endurance compared with controls; 2) the differences in fatigability between groups did not appear to be due to deficiencies in %VA; 3) DPN patients featured evidence of possible neuromuscular transmission failure during and immediately following the fatiguing task, whereas controls did not; 4) at 2 min postfatigue, the maximal evoked and voluntary contractile properties of the dorsiflexors in both groups had recovered similarly to baseline levels.
Decreased neuromuscular endurance in DPN. In agreement with other studies, baseline neuromuscular properties of the dorsiflexors related to strength (MVC, MVC RTD, twitch torque) and CMAP amplitude were decreased in people with DPN compared with controls ( Table 2 ; Refs. 2, 3, 8, 36 ). However, novel to the present study, when tasked with maintaining a sustained, isometric dorsiflexion MVC, those with DPN fatigued significantly more quickly (ϳ21%) compared with controls. Furthermore, the difference in fatigability be- Values are means Ϯ SD. *Significant difference between groups; §significant difference from baseline (P Ͻ 0.05).
tween groups did not appear to be due to differences in VA, as both groups maintained greater than 95% VA (P Ͼ 0.05), as measured via the ITT at task termination. The time to task failure of the control group was similar to that reported previously using a similar task and protocol (71 vs. 85 s; Ref. 30 ). Additionally, the greater muscle endurance in the control group does not appear to be due to a pacing strategy, as their RMS EMG indicates a maximal or near-maximal effort and follows a not uncommon pattern of enhanced surface EMG for several seconds before a roughly parallel decline with force for a sustained MVC of 60 s in healthy adults (12, 40) . It is reasonable to suggest that the brief initial increase in surface EMG in the control group (Fig. 3 ) reflects underlying processes related to electrogenic potentiation that is often reported to explain facilitation of evoked potentials (CMAPs) during highintensity muscle activation (24) . This EMG potentiation was not evident for the DPN group (Fig. 3) , which is perhaps related to reduced concentration of, or dysfunctional, Na ϩ /K ϩ pumps (31, 33) . DPN patients fatigued significantly more quickly (ϳ21%; Fig. 2 ), while producing lower absolute torques, and substantially lesser total angular impulse (ϳ50%) compared with controls. This is the opposite relationship observed in other muscle endurance comparisons in which greater endurance reported has been attributed partially to less absolute muscle strength (25, 37, 57) . Moreover, our results stand in contrast to those previously reported in a study investigating fatigue in a mixed population of insulin-dependent (type 1) DM, with and without DPN, in which DM patients had greater muscular endurance than controls (8) . The divergent findings could be accounted for by several key differences in experimental design. Perhaps most importantly, the previous work used repeated isokinetic contractions, which are difficult to assess in terms of VA, and their intermittent nature could attenuate the development of any substantive neuromuscular transmission failure or potential deficits related to impaired muscle blood flow. In contrast, a fatigue study examining muscle endurance in insulin-dependent DM without any clinical signs of DPN found a substantial decrease (approximately Ϫ50%) in knee extensor muscle time to fatigue during a sustained isometric task compared with controls (6) . Reduced endurance of the DM group in that study was related to lower motor unit firing rates and reduced neuromuscular transmission velocity, despite no clinical evidence of DPN.
There are several possible mechanisms underlying the reduced endurance observed in DPN patients, which are not mutually exclusive. One possible mechanism is the presence of neuromuscular transmission failure (4, 6, 33) , which may occur at the motor axon, neuromuscular junction, or muscle fiber membrane. Evidence supporting transmission failure is reflected by the decreased relative surface EMG activity during fatigue in the DPN group compared with controls ( Fig. 3 ) and a reduction in CMAP amplitude immediately following fatigue in DPN but not in controls (Fig. 4B ). Furthermore, in DPN patients, there was a nonsignificant trend of a 7% reduction in CMAP area (P ϭ 0.12), whereas no trend was found in controls (P ϭ 0.31; Table 3 ). In addition to this trend, no significant differences were found postfatigue in CMAP duration (Table 3 ). This result suggests temporal dispersion of the CMAP was not responsible for the observed decrease in CMAP amplitude in DPN patients (56) . A previous investigation presented a strong trend for a reduced CMAP amplitude following a 1-min sustained abductor pollicis brevis contraction in DPN patients, a result that was associated with neuronal hyperexcitability due to presumed Na ϩ /K ϩ pump dysfunction (33) . Moreover, Krishnan and colleagues (33) reported the degree of reduction in maximal CMAP amplitude noted in DPN patients correlated inversely with baseline refractoriness (r ϭ Ϫ0.65, P Ͻ 0.05), suggesting a relationship between neuronal hyperexcitability and conduction failure in DPN. Indeed, propagation failure of action potentials at any point in the neuromuscular system would impair contractions of the associated muscle fibers, thus limiting the system's forcegenerating capacity. Demyelination or axonal damage could lead to an increased risk of action potential propagation failure in the motor axon in a manner similar to frequency-dependent conduction block observed in other demyelinating neuropathies (27, 56) . Furthermore, given the significant reduction in motor units in DPN patients (1, 2, 23) , any neuromuscular transmission failure occurring at the level of the motor axon may have exacerbated decrements in force production compared with other demyelinating conditions, because each remaining motor unit innervates a greater relative proportion of muscle fibers following motor unit loss and subsequent collateral reinnervation. DPN-related pathological alterations at the neuromuscular junction (e.g., reduced numbers of synaptic vesicles) or muscle fiber (e.g., T-tubule disruption) levels could also contribute to failed neuromuscular transmission (20) . In addition, dysfunctional axonal Na ϩ /K ϩ pumps (29, 31) and myocellular Ca 2ϩ channels (41, 42) may contribute to any conduction failure in DPN, as previously postulated (33 Moreover, intermittent neuromuscular transmission failure has been previously reported in DPN during sustained (i.e., 30 s) low-intensity (25% MVC) contractions (4). Thus it is possible the sustained maximal contraction used in the present study could result in equal or greater transmission failure, reducing force generation capacity in DPN patients more quickly than controls during a sustained contraction. Another potential cause underlying the increased fatigability in DPN observed in the present study is related to abnormal muscle energy metabolism. Previous reports have documented that myocellular PCr loss, pH decrease, and muscle deoxygenation occur significantly faster in type 2 DM patients than controls (48) . These factors could lead to an earlier reduction in actomyosin cross-bridge force production during a sustained effort (see Ref. 58 for review). However, given the known task-dependent nature of fatigue (see Ref. 19 for review), it is not completely clear how these previous findings may relate to the results presented here.
An additional consideration regarding DPN and skeletal muscle endurance is related to blood supply. Adequate blood flow is necessary to engage in oxidative metabolism, and if this blood flow is insufficient during muscular contraction, metabolism and the ability to remove metabolic by-products that inhibit force production are limited (58) . It has been reported that DM and DPN are associated with dysfunction in the macro-and microvasculature (10, 18, 22, 34, 60) , as well as slowed oxygen kinetics during exercise (45, 46) . Although muscle blood flow may not present a major limitation to force production during sustained isometric contractions in healthy individuals (51, 59) , it should be noted that an impaired ability to deliver oxygen and clear metabolites from contracting muscle could contribute to increased fatigability in DPN patients.
Neuromuscular recovery postfatigue in DPN. DPN patients performed a fatigue protocol of shorter duration (ϳ21%; Fig.  1 ), at lower absolute levels of torque output (ϳ40%; Fig. 1) , and, therefore, markedly less total angular impulse (ϳ50% less angular impulse) compared with controls. Two minutes following fatigue-evoked twitch and MVC properties had returned to baseline values in both groups. However, immediately following the fatigue protocol, DPN patients and controls both featured evoked twitch responses that were similarly weaker than their respective baseline twitches (Fig. 4A ). Additionally, 30-s post-task termination, both groups had similar deficits in MVC torque (ϳ10%) and MVC maximal RTD (ϳ20%). The similar recovery profiles between patients and controls are surprising, given the substantial disparity in total angular impulse (i.e., work), and it may be interesting to test these groups with tasks of equal total angular impulse. Notwithstanding, whereas fatigue induced a similar relative change in twitch torque across groups, it appears that the reasons underlying the weaker twitch responses could be different. DPN patients featured smaller CMAP amplitudes compared with baseline, whereas the control CMAP was unchanged immediately following fatigue (Fig. 4B ). This finding may indicate, as mentioned earlier, neuromuscular transmission failure may have occurred in DPN patients, contributing to a decrease in strength; whereas twitch torque depression in controls is likely primarily due to accumulation of forcedepressing metabolites (e.g., inorganic phosphate, H ϩ ions). Another consideration is that DPN patients, in a previous study examining the same cohort of patients presented here, have been shown to potentiate to a lesser relative extent (approximately Ϫ40%) compared with healthy controls (3), which may be related to changes in relative proportions of fiber types, or calcium sensitivity in relation to muscle atrophy (53) . As individuals with DPN appear to benefit less from postactivation potentiation (Ref. 3; Table 2 ), they may be susceptible to the force-depressing effects of fatigue without gaining as much from the competing force-increasing effects of potentiation during recovery (44) . Therefore, to recover from a maximal, sustained fatiguing contraction of short duration, it is possible DPN patients may need to regain both neuromuscular transmission fidelity, as well as adequate clearance of metabolites associated with fatigue.
Summary. The present study reports decreased neuromuscular endurance in patients with diabetic neuropathy compared with controls, during sustained maximal isometric contractions. Given our results, we propose this DPN-related loss of endurance may be partially attributed to neuromuscular transmission failure and possibly pathological alterations in muscle metabolism or blood flow. Although the DPN group performed ϳ50% less angular impulse (an isometric analog of work) than controls, postfatigue, evoked and voluntary muscle strength properties recovered in both groups similarly. These findings may have functional relevance underlying abnormal gait and increased fall risk in patients with DPN (47, 54) . Finally, DPN-related fatigability may warrant consideration for the design and implementation of exercise-based rehabilitation strategies for this patient population.
